The electrochemical characterization of a new synthesized azulene compound (Z)-5- ((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-thioxoimidazolidin-4-one (L) using cyclic voltammetry, differential pulse voltammetry and rotating disk electrode is presented. Chemically modified electrodes were obtained by successive scanning or by controlled potential electrolysis using different electrode potentials or charges. The new modified electrodes were tested in solutions containing different concentrations of the following heavy metals: cadmium, lead, mercury and copper. A good analytical response was obtained for Pb 2+ .
Introduction
Azulenes have a five -member (electron -rich) cyclic moiety connected to a seven -member (electron -poor) cyclic moiety. Azulene derivatives present an irreversible electrooxidation, and an irreversible [1] or quasi -reversible reduction [2] . There are many studies performed on the properties of azulene polymers formed by electrochemistry. They have characteristics very similar to those chemically synthesized. Researches were carried out to prepare polyazulene films or metal complexes of azulene derivatives [3] [4] [5] . Our research team is working on developing sensors based on azulene derivatives for heavy metals recognition [6] [7] [8] .
Classical techniques used for the determination of heavy metal ions are: spectrometry (graphite furnace atomic absorption spectroscopy, flame atomic absorption spectroscopy, inductively coupled plasma optical emission spectrometry), and chromatography (gas chromatography, high performance liquid chromatography). These methods are precise, but they require complex equipment (expensive), and well-trained staff [9] [10] [11] [12] [13] to maintain and use them. Stripping analysis using chemically modified electrodes (CMEs) is an alternative to these classical methods, offering the following advantages: higher selectivity due to the specific interactions between the metal ions and complexing matrix, limited chemical interferences, and capability to sense metals as Hg or Ag [5, 14] .
The present work reports the study of electroactive properties of (Z)-5-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-thioxo-imidazolidin-4-one (L), in view of building new sensors for heavy metals recognition. The study of its electroactive properties aims to get the values of the most important parameters for the electrochemical preparation of chemically modified electrodes based on this ligand. The structure of this new azulene thioxo-imidazolidin-4-one derivative is given below (Fig. 1 ). The study performed using cyclic voltammetry, differential pulse voltammetry and rotating disk electrode was a subject of a PhD thesis [15] defended in our group.
Experimental
This azulene derivative (L) was synthesized according to the previously published procedure [16] . Acetonitrile (Sigma Aldrich, electronic grade 99.999 % trace metals) and tetra-N-butylammonium perchlorate (TBAP) (Fluka, puriss, electrochemical grade >99 %) were used as solvent and supporting electrolyte, respectively, without further purifications.
Sodium acetate (Roth, 99.99 %) and acetic acid (Fluka, >99.0 %, trace select) were used for preparing acetate buffer solution. Pb(NO3)2 (Sigma-Aldrich, +99.99 % trace metal basis), Cd(NO3)2 4H2O (Sigma-Aldrich, +99.0 %), Cu(CH3COO)2H2O (Fluka, +99.0 %) and Hg(CH3COO)2 (Sigma-Aldrich, +99.99 % trace metal basis) were used as received. Distilled water was obtained using a Millipore Direct -Q 3UV water purification system (18.2 MΩ cm).
The electrochemical experiments were performed using a PGSTAT 12 AUTOLAB potentiostat connected to a three-electrode cell. Ag/10 mM AgNO3 in 0.1 M TBAP, CH3CN, was used as reference electrode, and a platinum wire served as counter-electrode. The working electrode was a glassy carbon disk (3 mm diameter) polished with diamond paste (0.25 μm) and cleaned with the acetonitrile before each experiment.
Cyclic voltammetry (CV) was run usually at 0.1 V/s or at different scan rates (0.1 -1.0 V/s) to see the influence of this parameter on CV curves. Differential pulse voltammetry (DPV) was performed with a scan rate of 0.01 V/s with a pulse height of 0.025 V and a step time of 0.2 s. RDE curves were usually recorded at 0.01 V/s, and at different rotation rates.
All potentials were referred to the potential of ferrocene/ferrocenium redox couple (Fc/Fc + ) which in our conditions was +0.07 V.
Electrochemical experiments of heavy metal ions detection have been performed in 0.1 M acetate buffer (pH 5.5) solution as the supporting electrolyte. Heavy metal ion solutions of different concentration (10 -4 -10 -8 M) were freshly prepared by successive dilutions from a stock solution (10 -2 M) in water. All experiments were performed at room temperature (25 °C) under argon atmosphere.
Results and discussion

Electrochemical characterization of L
The electrochemical behavior has been studied by CV, DPV and RDE in 0.1 M TBAP, CH3CN using millimolar solutions of L. All the curves were recorded starting from the stationary potential. CV and DPV anodic and cathodic curves obtained on glassy carbon electrode for different concentrations of L in 0.1 M TBAP, CH3CN are presented in Figure 2 . The current peaks are increasing with L concentration. Two significant peaks (a1, a2) can be seen in the anodic domain and four peaks (c1 -c4) in the cathodic domain from the DPV curves.
CV curves show the two main peaks (a1 and a2). The peak a4 can be attributed to some adsorption processes, as the current does not systematically increase with the ligand concentration. In the reduction domain, only three peaks are clearly defined (c1, c2, c3). Figure 3 presents RDE anodic and cathodic curves at different rotation rates (500 -1000 rpm) for L (1 mM). In comparison with DPV anodic and cathodic curves for L at 1 mM. RDE curves present one main anodic wave, and two main reduction waves. They are denoted according to the notation given for the peaks of DPV curves. In the oxidation domain the current drops suddenly after the potential of the peak a1 reaching a very low current value. This behavior is characteristic for the electrode coverage with an insulating film. One isosbestic point (IP) appears at about 1.2 V, in the anodic domain. RDE currents increase with the rotation rate. Figure 4 shows CV anodic and cathodic curves at different scan rates (0.1 -1 V/s) in 1 mM solution of L for the first anodic and cathodic peaks. The inset shows the linear dependences of the total peak currents (for a1, a1' and c1) vs. the square root of the scan rate. The currents linearly increase with the scan rate. Even if traces of oxygen are present in solution, this increase is evident ( Table 1 ).
The shape of a1 peak is characteristic for a quasi-reversible system. The diffusion coefficient of L (DL) was estimated from the slope of the a1 peak current using the Randles-Sevcik equation for one electron transfer. The obtained value is quite high (DL = 4.310 -5 cm 2 /s), in comparison with that of a fast system such as ferrocene (Dferrocene = 2.610 -5 cm 2 /s) [17] . Figure 5 shows CV anodic and cathodic curves at different scan domains in 1mM solution of L. Table 2 presents the peak potentials from DPV and CV curves at 1 mM, and the peak processes assessment. In the anodic and cathodic domains, the processes are quasi-reversible or irreversible. 
Modified electrodes based on polyL
To detect heavy metal ions, such as cadmium, lead, mercury and copper, polyL glassy carbon modified electrodes were prepared. PolyL films were obtained either by successive scanning or by controlled potential electrolysis (CPE) in millimolar solutions of L in 0.1 M TBAP, CH3CN. Evidence on films formation on the electrode surface was obtained by transferring the modified electrodes in a solution of ferrocene (0.5 mM) in 0.1 M TBAP, CH3CN. Figure 6A shows the CV curves recorded during the preparation of the modified electrode by successive scans in the domain of the anodic processes (proved to lead to insulating films). The formation of a film on the electrode surface was confirmed by transferring the modified electrode in a solution of ferrocene. Figure 6B shows the CV curves recorded after the transfer of the modified electrode obtained by 20 successive scans (in 1 mM solution of L in 0.1 M TBAP, CH3CN). The signal for ferrocene couple on the modified electrode is slightly diminished in intensity in comparison with that recorded on the bare electrode, indicating the formation of a thin layer film. Fig. 6 a) 
In Figure 7 , CV curves in 1 mM ferrocene solution are presented for the modified electrodes obtained by CPE at 0.82 V and 1 mC (solid line) in comparison with those generated by the bare electrode (dotted line). The CV curve for the modified electrode transferred to the ferrocene solution is slightly modified relative to that for the bare electrode, which indicates the deposition of a thin layer film on the electrode surface at the charge of 1 mC. 
Heavy metals recognition by polyL
The interaction between the polyL modified electrode and cations occurs through the complexing units of thiohydantoin which are connected to polyazulene structure in polyL. It depends both on pH and metal affinity. In basic media, it is expected that the thiohydantoin moiety ionizes forming an anion which interacts with the metal (limiting structure 1 in Scheme 1 for the ligand). A thiophilic metal, such as Ag + , Hg 2+ , Pb 2+ , etc. is expected to bind to a negative sulfur atom (limiting structure 3 in Scheme 1), while an oxophilic one to a negative O or N atom (limiting structures 1 or 2 in Scheme 1). In neutral media, as are the majority of the organic solvents, it is possible that strong interaction takes place between metal ions and negatively polarized electronegative atoms, as described.
A number of 5-(pyridylmethylidene)-2-thiohydantoins (ligand similar to that described by us) complexes with heavy metals such as Cu 2+ , Ni 2+ , Co 2+ , revealed a double coordination of the metal by sulfur and 3-nitrogen atoms [18] . Such complexes were observed also at other similar compounds, especially to p-dimethylbenzylidenerhodanin, which is widely used for the absorption of toxic metals in solutions with very low concentrations or for their dosage, for example Ag + ion [19] , Au 3+ , Hg 2+ ions [20] or other thiophilic ions [21] .
Scheme 1
PolyL glassy carbon modified electrodes were prepared by controlled potential electrolysis at different potentials and charges. They were obtained from 1 mM solution of L in 0.1 M TBAP, CH3CN using a charge of 2 mC. The modified electrodes obtained by CPE were further introduced into the transfer cell containing 0.1 M acetate buffer at pH 5.5. The electrode equilibration was done during 15 CV cycles between -0.9 to + 0.6 V. Then the overoxidation during 5 CV cycles between -0.2 V to and +1.2 V was performed. After that, the modified electrodes were introduced in assay solutions containing a mixture of heavy metal ions at different concentrations (between 10 -8 and 10 -4 M), where they were maintained under magnetic stirring for 10 minutes. Finally, the modified electrodes were transferred in a cell containing 0.1 M acetate buffer at pH 5.5. During a further DPV experiment, the potential of -1.2 V was applied for 120 s (when the ions accumulated in the complexing film were reduced). Then the electrode was polarized in an anodic scan and the stripping currents for the heavy metals dissolution were recorded. Figure 8A shows the stripping curves obtained for modified electrodes prepared at different potentials using a charge of 2 mC. The heavy metals appear at the following potentials: ECd = -0.83 V; EPb = -0.50 V; ECu = -0.05 V; EHg = +0.24 V. The recognition of all cations was possible in the order: lead > copper > cadmium > > mercury. For the films of 2 mC the best response in detection of lead was obtained for the films prepared at 0.81 V or at 1.9 V (Fig. 8B) . Figure 9A shows the stripping curves obtained on the modified electrodes after their introduction into solutions containing mixtures of heavy metal cations at different concentrations (between 10 -8 and 10 -4 M). Figure 9B provides linear dependences of DPV stripping currents on heavy metal ions concentrations in accumulation solutions. All the cations were recognized at concentrations higher than 10 -5 M. The stripping currents increase with concentration values lower than 10 -5 M. For higher concentrations, the stripping current values decrease or remain constant, indicating a saturation of the binding sites. At a lower concentration (10 -7 M), only lead was detected. Their analytical signal values vary in the following order: lead> copper> mercury> cadmium. When using this polyL modified electrode, lead shows the best response from all the investigated cations. Figure 10A shows the stripping curves obtained by applying the standard addition method on glassy carbon electrodes modified by CPE at 0.81 V, 2 mC (in 1 mM L). The solutions with the concentration of 10 -6 M mixture of Cd (II), Cu (II), Hg (II), Pb (II) and various concentrations of Pb(II) (between 210 -6 M Pb (II) and 6x10 -6 M Pb (II)) were examined. Figure 10 B shows the graph of the Pb(II) peak area at different concentrations of Pb(II) in the accumulation solution. A linear increase of the peak area for lead ions is noticed (correlation coefficient 0.973).
Conclusions
The electrochemical characterization of (Z)-5-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-thioxo-imidazolidin-4-one (L) was performed by cyclic voltammetry, differential pulse voltammetry and rotating disk electrode methods. The anodic and cathodic processes specific for L have been characterized and the conditions for obtaining electrodes modified with L were identified. The films formation on the surface of the electrode was confirmed by the transfer of modified electrodes in ferrocene solutions. Chemically modified electrodes were prepared by electropolymerization of L at potentials of the second oxidation peak and tested for heavy metal cations recognition. When using the polyL modified electrode, lead showed the best response of all the investigated cations, followed by copper, cadmium, and mercury. This is a promising result for cations recognition using CMEs, since there is a reduced number of stripping sensors for heavy metal ions being based on CMEs among other materials.
